INTRODUCTION
============

HCV is an enveloped virus with a positive-sense single-stranded RNA genome belonging to the *Flaviviridae* family, which also includes viruses such as dengue virus, yellow fever virus and bovine viral diarrhea virus ([@gkt068-B1]). HCV infection afflicts \>150 million people worldwide, with infection rates \>20% in some countries ([@gkt068-B2]). The ∼9.6 kb HCV genome encodes for one long proteolyticaly processed polyprotein flanked by highly conserved essential non-translated regions (NTRs) at the 5′ and 3′ ends that encode essential regulatory signals for initiating antigenomic (3′NTR) and genomic (5′NTR) RNA synthesis. One of the most significant features of HCV RNA is its high degree of genomic variability ([@gkt068-B3]). The low fidelity of virus-encoded RNA-dependent RNA polymerase, with mutation rates of 10^−4^--10^−3^ base substitution/nucleotide ([@gkt068-B4]), is responsible for the high genetic diversity of HCV. This results in a classification of seven genotypes harbouring \>90 subtypes and countless quasispecies present in patient populations ([@gkt068-B5; @gkt068-B6; @gkt068-B7]).

The fact that HCV is an RNA virus with a single-stranded viral RNA genome of positive polarity, together with the fact that the viral genome does not enter the cell nucleus, and all stages of HCV replication occur in the cytoplasm, makes HCV an ideal target for RNAi-based therapy. The efficacy of RNAi against viral infections has been well documented \[reviewed in ([@gkt068-B8],[@gkt068-B9])\], and knockdown of replicating hepatitis viruses has been demonstrated ([@gkt068-B10],[@gkt068-B11]). Furthermore, RNAi is well suited as a therapeutic strategy allowing for simultaneous targeting of multiple viral sequences ([@gkt068-B10]) reducing the probability of the emergence of RNAi-resistant mutants ([@gkt068-B10],[@gkt068-B11]).

It is now understood that there are constraints on the amount of RNAi that can be safely introduced into the target cells. There is a rate-limiting amount of RNAi tolerated in tissues ([@gkt068-B12; @gkt068-B13; @gkt068-B14]), and at higher doses, combinatorial RNAi strategies can increase the risk of RNAi-related toxicity and can result in competition limiting their relative effectiveness ([@gkt068-B15]). Thus, to increase the effectiveness of anti-HCV RNAi therapy, only the most active si/shRNA molecules targeting the most accessible and preserved HCV regions should be used. However, the exact HCV target for RNAi is not clear. Although HCV is thought to possess extensive internal base pairing throughout its genome ([@gkt068-B16]), with the exception of very small regions of the genome for which experimental data exist, it is not known which regions are structured and which regions might be more accessible to RNAi targeting. Even less is known about the structure of the negative antigenome as well as the extent of its interactions with protein factors \[reviewed in ([@gkt068-B17])\]. Because the negative sense antigenome is present in 20--100 times lower quantities than the positive sense genome, the antigenome potentially represents a more efficacious and safer target, as in theory, a lower dose of duplex RNAs would be required to achieve clinically relevant levels of knockdown of this viral RNA species. However, it is not known whether the negative HCV genome is accessible to standard RNAi, with a number of reports demonstrating data supporting negative HCV strand targeting ([@gkt068-B8],[@gkt068-B18],[@gkt068-B19]), whereas others present contradictory results where modifications aimed at favouring negative HCV strand targeting actually led to the overall decrease of anti-HCV RNAi ([@gkt068-B20]). Owing to specific limitations in the experimental approaches used in the previous studies, the results were not able to answer the question of direct RNAi-mediated negative strand HCV genome targeting.

Recent advances in RNAi technology and better understanding of the mechanisms involved in si/shRNA processing allow the design of si/shRNA molecules that show preferential strand loading into an active RNA-induced silencing complex (RISC) ([@gkt068-B21]). Should the accessibility of the positive and negative HCV genome to standard RNAi therapy be known, the design of si/shRNA molecules could be designed to optimize efficacy and minimize toxicity. If both strands of the viral genome were accessible to RNAi, it might be beneficial to use si/shRNA molecules that preferentially target the negative strand because of the lower amount of negative strand HCV genomes in infected cells. However, if the negative HCV genome were not accessible to RNAi therapy, it would be beneficial to use si/shRNA where the strand targeting the positive genome was preferentially loaded into RISC. Unnecessary loading of siRNAs against the negative strand genomes while being therapeutically irrelevant use the endogenous RNAi machinery and can lead to toxicity associated with RNAi pathway overload and/or off-target effects.

Studies of the negative HCV genome are technically challenging owing to the low abundance of this RNA species, making many of the standard techniques used in RNA analysis (like northern blotting) unreliable. Fluorescent *in situ* hybridization techniques have been effectively applied to study positive and negative genomes of other RNA viruses, like polio ([@gkt068-B22]), but not HCV. Polymerase chain reaction (PCR)-based techniques are complicated by the co-existence of both RNA species. Even functional tests based on RNAi have proven difficult to interpret. As HCV replication occurs through a (−), antigenome, intermediate ([@gkt068-B23]), and both strands of si/shRNA can be incorporated into active RISC complexes ([@gkt068-B24],[@gkt068-B25]), both strands can possibly participate in RNAi-mediated HCV degradation. Thus, standard RNAi screens cannot distinguish between positive and/or negative strand targeting. Furthermore, shRNAs with preferential RISC loading properties based on thermodynamic stability are not absolute, and even a small amount of 'unwanted' active RISC can lead to powerful knockdown of the target RNAs, making it difficult to definitively establish HCV negative strand accessibility to RNAi.

To overcome these limitations and provide proof of positive versus negative HCV strand targeting, in the present study, we screened and selected efficient HCV RNAi targets, and then designed 'asymmetric' shRNAs directed against individual polarities of HCV genome. By quantifying the ability of each shRNA to functionally reduce HCV replication, we were able to address the accessibility of HCV genomes to standard shRNA-based RNAi.

MATERIALS AND METHODS
=====================

rAAV--shRNA cloning and vector production
-----------------------------------------

All newly designed shRNAs have a 24 nt stem and 5′-GAAGCTTG-3′ loop B ([@gkt068-B13]). Each shRNA was ordered from Integrated DNA Technologies (IDTDNA.com) as two complementary oligos, 5′-CACC-G(+1)-sense-GAAGCTTG-antisense-3′ and 3′-C-antisense′-CTTCGAAG-sense′-AAAA-5′. G was introduced at position +1, unless natural G existed at +1 position. Oligos were annealed and ligated downstream from the H1 promoter in a BbsI digested scAAV-RSV-GFP-H1 plasmid. The scAAV--shRNA vectors were produced by triple transfection of 293 cells in 225 cm^2^ flasks as previously described ([@gkt068-B13]). Bulges in sense or antisense strands of shRNA were introduced by changing the 9th, 10th and 11th nucleotides to their complements and doubling the 10th nucleotide.

psiCheck reporter cloning, Huh7.5 cell transfection and dual luciferase assay
-----------------------------------------------------------------------------

To generate psiCheck reporter constructs, appropriate short template were cloned into the Renilla luciferase (hRLuc) gene 3′UTR in psiCheck-2 construct (Promega). Templates were ordered from Integrated DNA Technologies as two complementary oligos, which on annealing generated double-stranded templates with appropriate overhangs for cloning into XhoI-NotI-digested psiCheck construct. For large HCV templates, PCR oligos were designed to amplify the 5′NTR-CORE (from position 1--547 in recombinant HCV J6 (5′UTR-NS2)/JFH1 GenBank: JF343782.1) or 3′ region of NS5B-3′NTR (from position 9185--9679 in J6 (5′UTR-NS2)/JFH1 GenBank: JF343782.1) regions of HCV genome 2 a. Oligos contained XhoI or NotI cloning sites. PCR products were cloned into Zero Blunt® TOPO® PCR Cloning Kit (Invitrogen) and sequenced to ensure that mutations were not introduced during the PCR step. TOPO plasmids containing appropriate HCV templates were subsequently digested with XhoI-NotI, and released HCV templates were cloned into XhoI-NotI-digested psiCheck construct. Each HCV target (both short and long) was cloned in sense and antisense orientations with respect to the hRLuc gene, to mimic positive and negative HCV genomes on a RNA level when expressed as hRLuc--HCV fusions.

Each psiCheck construct containing HCV template was checked for Renilla:Firefly signal ratio to ensure that addition of shRNA targets did not significantly affect the expression level of Renilla luciferase.

The psiCheck reporters were transfected into Huh7.5 cells using Lipofectamine 2000 reagent (Invitrogen) as per the manufacturer's instructions. Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) media supplemented with 2 mM L-glutamine and 0.1 mM MEM non-essential amino but without Pen/Strep. Eight hours after transfection, cells were washed once with DMEM and an appropriate volume of DMEM media with supplements and with Pen/Strep was added. Cells were harvested 64 h later and used for luciferase expression analysis using Dual*-*Luciferase*®* Reporter Assay System (Promega) using Tecan M-1000 luminometer.

Cells and media
---------------

Huh7.5 cells were propagated in complete media DMEM media (Mediatech, VA, USA), supplemented with 2 mM L-glutamine (Life Technologies, NY), 100 U/ml of penicillin (Life Technologies, NY), 100 ug/ml of streptomycin (Life Technologies, NY), 0.1 mM MEM non-essential amino acids (Life Technologies, NY) and 10% fetal bovine serum (HyClone). The cells were grown in a 37°C incubator adjusted to 5% CO~2~.

RNA transcription and transfection
----------------------------------

HCV RNA (J6/JFH chimeric genome or FL-J6/JFH-5′C19Rluc2AUbi reporter genome) was transcribed *in vitro* as described ([@gkt068-B26]). Five micrograms of *in vitro* transcribed RNA were mixed with 4 × 10^6^ Huh7.5 cells in RNase-free phosphate buffered saline (Biowhittaker) and transferred into a 2-mm diameter gap cuvette (BTX). The cells were pulsed using a BTX model 830 electroporator (0.68 kV and five periods of 99 µs at 500-ms intervals) and then left to recover for 15 min at room temperature followed by dilution in 10 ml of pre-warmed complete medium. For transient replication experiments, the cells were counted and plated at a density of 1.5 × 10^4^ cells per well in a 96-well plate. The cells were incubated for 3--4 h at 37°C and then transduced with rAAV as described later in the text. For stable replication, the cells were plated in a 10-cm dish and grown at 37°C. Forty-eight hours post electroporation, the cells were trypsinized and plated at a density of 1.5 × 10^4^ cells per well in a 96-well plate and 24 h later were infected with AAV as described later in the text. For virus production, the cells were plated in 75 cm^2^ flasks and maintained as described later in the text.

Cell viability and Luciferase assay
-----------------------------------

Cell viability in each well was assessed using the Alamar Blue assay (Invitrogen) according to the manufacturer's protocol. Following viability measurement, the cells were washed twice with ice-cold phosphate buffered saline and 30 µl of Renilla luciferase assay buffer (Promega, WI, USA) was added to lyse the cells. Renilla luciferase activity was measured and integrated for 10 s using a Tecan M-1000 luminometer. Cell viability was used for normalization purposes.

Virus particle production
-------------------------

Huh7.5 cells were electroporated with RNA of the J6/JFH HCV chimeric genome as described earlier in the text. The cells were maintained in complete media at low density (maximum of 60% confluence), and the media was collected for a period of 2 weeks and stored at −80°C. The collected media was pooled and concentrated 100-fold using a Stirred Cell (Millipore) equipped with a 100-Kd filter. The resulting concentrated media was filtered through a 0.2 µm syringe filter (Millipore), aliquoted and kept at −80°C until use. The viral titer was determined following infecting naïve Huh7.5 cells with increasing dilutions of the virus for 72 h. The cells were immunostained, and core positive foci were counted to determine the inoculum's infectivity in focus-forming unit (FFU)/ml.

HCV infection and rAAV transduction
-----------------------------------

Naïve Huh7.5 cells were plated at high density a day before the experiment in a 96-well plate (1.5 × 10^4^ cells per well). The virus was diluted in complete media to enable infection at a multiplicity of infection of 0.1 when applied onto the cells in a volume of 50 µl and incubated at 37°C for 2 h. Two hours post infection, the virus was removed from the cells, and the wells were washed four times with 100 µl of complete media to completely remove leftover virus. Following the last wash, 50 µl of media was added to the cells and supplemented with 50 µl scAAV-RSV-GFP-H1-shRNA. All rAAV vectors were previously titrated on Huh7.5 cells and diluted so that 50 ul of rAAV resulted in 80--90% transduction based on GFP expression.

Real-time PCR
-------------

RNA was extracted from infected cells using RNeasy 96 kit (Qiagen) according to the manufacturer's protocol. Real-time PCR was performed with 5 µl of extracted RNA using AgPath ID RT-PCR Master Mix (Applied Biosystems, Foster City, CA), primers AGAGCCATAGTGGTCT and CCAAATCTCCAGGCATTGAGC, and probe 6-carboxyﬂuorescein-CACCGGAATTGCCAGGACGACCGG-6-carboxytetramethylrhodamine. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) RNA was quantiﬁed using GAPDH control reagents (Applied Biosystems) according to the manufacturer's instructions. The relative amount of HCV RNA was adjusted to GAPDH RNA and normalized to scrambled shRNA-treated sample.

Delta-G determinations
----------------------

Delta-G (dG) values were determined by the widely used programme 'RNAstructure' that enabled to predict secondary RNA structure and their dG values ([@gkt068-B27]) and dG value for the most favourable structure is reported.

RESULTS
=======

To investigate whether the negative HCV genome is bioaccessible to standard RNAi therapy, we wanted to take advantage of asymmetric shRNAs, where introduction of a bulge at the cleavage site eliminates the shRNA passenger strand from RNAi-mediated cleavage of its target even if it is loaded into RISC ([Figure 1](#gkt068-F1){ref-type="fig"}A). This allows one to distinguish the strand-specific activity of an sh/siRNA when there is a potential to target complementary RNA strands as in the case of HCV infection/replication ([@gkt068-B23]). We started by performing an extensive screen to identify which regions of the HCV genome can be most effectively targeted by rAAV-encoded shRNA. To do so, we examined the HCV genome and identified regions of homology between genotypes 1b and 2a and then designed 24 nt overlapping shRNAs staggered every 4 bp targeting the homologous regions in 5′NTR, CORE, NS5B and 3′NTR ([Figure 1](#gkt068-F1){ref-type="fig"}B). All shRNAs were selected without taking into consideration the thermodynamic stability of the hairpin and thus without any bias that might affect strand loading into active RISC. We also included a few shRNA sequences previously reported to effectively knockdown HCV ([@gkt068-B20],[@gkt068-B28]). Eighty-six unique shRNAs ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt068/-/DC1)) were designed and cloned into recombinant self-complementary AAV (scAAV) vectors (scAAV-RSV-GFP-H1, [Figure 1](#gkt068-F1){ref-type="fig"}C) under the H1 promoter, which allows for safer shRNA expression *in vivo* than the U6 promoter ([@gkt068-B13]). All shRNAs were tested for their activity against replication of a chimeric J6/JFH HCV genome with a luciferase reporter gene (FL-J6/JFH-5′C19Rluc2AUbi, here referred to as FL-J6/JFH-Luc) ([@gkt068-B29]) in both transient- (shRNA treatment of cells shortly after HCV RNA transfection, [Figure 2](#gkt068-F2){ref-type="fig"}A) and stable- (shRNA treatment 72 h post establishment of HCV replication, [Figure 2](#gkt068-F2){ref-type="fig"}B)-replication models, as well as against fully infectious virus-HCVcc ([@gkt068-B26]) ([Figure 2](#gkt068-F2){ref-type="fig"}C). As shown in [Figure 2](#gkt068-F2){ref-type="fig"}A--C, a number of highly active shRNAs capable of specifically knocking down HCV were identified in the 5′NTR, CORE and NS5B regions, whereas, as reported previously ([@gkt068-B30],[@gkt068-B31]), even the most active shRNA against the 3′NTR led only to 55% inhibition of HCV replication. Any specific activity against the 3′NTR was observed only in the transient-replication model and against HCVcc ([Figure 2](#gkt068-F2){ref-type="fig"}A and C), suggesting that the 3′NTR-specific shRNAs were only active against incoming and not replicating HCV RNAs. Similar results were also obtained when a number of different shRNAs were tested against HCV 1b in a transient-replication model (data not shown). Figure 1.(**A**) Graphic representation of asymmetric shRNAs and the effect of introduced bulges on shRNA function against (−) HCV and (+) HCV genomes. HCV templates cloned into psiCheck reporter system in the sense orientation mimic the (+) HCV genome, whereas HCV templates cloned in antisense orientation mimic (−) HCV genome. (**B**) Anti-HCV-shRNA coverage plot. The *y*-axis represents number of shRNA sequences covering each nucleotide at a given position along the HCV genome (*x*-axis). (**C**) Graphic representation of scAAV-RSV-GFP-H1 vectors used in the study. ITR, AAV inverted terminal repeat; RSV, Rous sarcoma virus promoter; eGFP, enhanced green fluorescent protein. Figure 2.All shRNAs were tested against replicating FL-J6/JFH-Luc HCV in a transient-replication model (**A**), a stable-replication model (**B**), as well as against HCVcc infection (**C**) in Huh7.5 cells. Upper portions of panels A--C show graphic representation of each experimental design. The number corresponding to each shRNA represents the position of the first nucleotide in the recombinant HCV J6(5′UTR-NS2)/JFH1 (GenBank: JF343782.1). The shRNA-SCR was used as negative control and was assigned a value of 100. In (A) and (B), FL-J6/JFH-Luc luciferase levels were normalized to AAV-shRNA encoded eGFP to account for transduction efficiency, whereas in (C), GAPDH quantitative PCR levels and AAV-shRNA eGFP levels were used to normalize the HCV RNA levels measured by quantitative PCR. Error bars represent SD from *n* = 3--6.

To gain insight into which strand of the shRNA is incorporated into an active RISC complex, we took advantage of the psiCheck reporter system. Based on the results obtained with FL-J6/JFH-Luc and HCVcc infection ([Figure 2](#gkt068-F2){ref-type="fig"}A--C), 26 active and inactive shRNAs were selected for further analysis. All selected shRNAs were tested using the psiCheck reporter system harbouring specific targets for each shRNA cloned into the 3′UTR of the RLuc reporter gene in the sense (psiCheck-short-sense) or antisense (psiCheck-short-antisense) orientation ([Supplementary Figure S1A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt068/-/DC1)) so as to mimic positive and negative HCV genomes targets, respectively.

The data obtained with the psiCheck system did not always correspond to what was observed when targeting full-length HCV genomes (compare [Figure 2](#gkt068-F2){ref-type="fig"}A--C and [Supplementary Figure S2A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt068/-/DC1)). All but three of the shRNAs that were effective at knocking down FL-J6/JFH-Luc and the HCVcc replication effectively knocked down luciferase expression in this simplified system. Three shRNA constructs that were highly active in FL-J6/JFH-Luc replication and HCVcc infection screens (14, 302 and 353) showed specific knockdown activity only against the psiCheck-sense sequences. However, the converse was not always true ([Supplementary Figure S2A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt068/-/DC1)). Of the inactive control shRNAs, some exhibited good activity against psiCheck reporter both in forward and reverse orientation (clones 52, 9589, 9601 and 9633, [Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt068/-/DC1)), and two (shRNA 74 and 9625) showed significant activity only against the reporter in forward orientation.

These results are in agreement with previously published work ([@gkt068-B24],[@gkt068-B25]) showing that both of the shRNA strands (5p and 3p) can be loaded into an active RISC complex and thus potentially target either viral strand during viral replication. Thus, the use of conventional shRNAs will not allow one to distinguish positive from negative HCV genome targeting. To be able to distinguish which HCV genome undergoes shRNA-mediated targeting, we needed to uncouple positive genome targeting from negative genome targeting. Thus, we generated asymmetric shRNAs capable of targeting only the positive or the negative genome of HCV. To do so, a bulge was introduced between positions 9--11 in the sense or antisense strand (sense bulge and antisense bulge, respectively) of each shRNA ([Figure 1](#gkt068-F1){ref-type="fig"}A and [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt068/-/DC1)), and all asymmetric shRNAs were tested for their specific activity using the psiCheck reporter system ([Supplementary Figure S2B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt068/-/DC1) and [C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt068/-/DC1)).

Introduction of bulges into the shRNA at the predicted cleavage site led to a dramatic change in the activity of many of the shRNAs ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt068/-/DC1)), an observation in agreement with our previously published data ([@gkt068-B32]). When a bulge was introduced into the sense strand of shRNA, which should only affect function against the psiCheck with target sequences in the antisense orientation (psiCheck-short-antisense), a few shRNAs (e.g. 6, 74, 353 and 9255) demonstrated decrease in activity against the psiCheck-short-sense reporter. Similar observations were made for a few shRNAs with bulges in the antisense strand, where the presence of the bulge affected function against the reporter that is not targeted by antisense strand (psiCheck-short-sense) (e.g. shRNA 134, 276, 318, 9589, 9601 and 9633). In one case (shRNA 14), the activity against psiCheck-short-antisense was actually improved on introduction of a bulge in the antisense strand. These data clearly show that the effect of a bulge on shRNA-gene knockdown is impossible to predict, and each shRNA has to be tested in psiCheck or a similar reporter system to confirm the activity. Similar effects were also seen when shRNA with bulges were tested against FL-J6/JFH-Luc replication and HCVcc infection ([Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt068/-/DC1)), where introduction of a sense bulge affected shRNA function by lowering the specific activity when compared with an shRNA without bulges. The efficacy and sensitivity of the asymmetric shRNA was further confirmed in a rescue experiment, in which psiCheck-HCV templates were mutated to match the bulges in corresponding shRNA ([Supplementary Figures S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt068/-/DC1) and [S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt068/-/DC1)).

Based on the results presented in [Figure 2](#gkt068-F2){ref-type="fig"}A--C and [Supplementary Figure S2A--C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt068/-/DC1), we selected six shRNAs against various regions of the HCV genome that despite the presence of a sense or an antisense bulge retained the proper processing and strand-specific activity when tested using the psiCheck system ([Figure 3](#gkt068-F3){ref-type="fig"}). As observed previously, shRNAs without bulges effectively targeted HCV sequences cloned in both the sense and antisense orientation in the psiCheck reporter system ([Figure 3](#gkt068-F3){ref-type="fig"}A). When a bulge was introduced in the sense strand of each shRNA, leaving only the antisense strand of shRNA available to direct HCV-specific cleavage, as predicted ([Figure 1](#gkt068-F1){ref-type="fig"}A), only the psiCheck reporter constructs harbouring target sequences cloned in the sense orientation underwent specific knockdown ([Figure 3](#gkt068-F3){ref-type="fig"}B). The converse was observed when shRNAs with bulges in the antisense strand were tested against psiCheck reporter constructs harbouring HCV target sequences in sense or antisense orientation ([Figure 3](#gkt068-F3){ref-type="fig"}C). Figure 3.Asymmetric shRNA validation experiment. Selected shRNAs without bulges (**A**), or with bulges in the sense strand (**B**) or antisense strand (**C**) were tested using psiCheck reporter system containing specific short targets in the 3′UTR of RLuc cloned in sense (black bars) or antisense (gray bars) orientations. Both strands of shRNA without bulges can be incorporated into active RISC leading to specific cleavage and degradation of template cloned in sense and antisense orientation (A). Introduction of a bulge into sense shRNA strand (B) makes it inactive against template cloned in reverse orientation into psiCheck and thus mimicking (−) HCV genome target, leading to rescue of RLuc expression (gray bars). The opposite effect is observed with shRNA containing bulges in the antisense shRNA strand (C), which interferes with targeting of the specific templates cloned in sense orientation (black bars). Each psiCheck reporter was also treated with shRNA-SCR, which was assigned a value of 100 (not shown in the graphs). Signal from RLuc containing HCV templates in the 3′UTR were normalized to levels of FLuc encoded on the same plasmid, whereas AAV-shRNA vector encoded eGFP was used to normalize for transduction efficiency (shRNA levels). Error bars represent SD from *n* = 3.

Now that the shRNA-bulge system was fully validated and we were able to select a number of shRNAs that were active only against sense (+HCV genome) or antisense (−HCV genome) templates, we were able to directly establish whether the negative genome of HCV could be selectively targeted with RNAi ([Figure 1](#gkt068-F1){ref-type="fig"}A).

When FL-J6/JFH-Luc HCV was targeted with an shRNA without a bulge (shRNA-NB) or with a bulge in the sense strand (shRNA-SB), HCV replication was specifically reduced as compared with scrambled (SCR) shRNA control ([Figure 4](#gkt068-F4){ref-type="fig"}A white and gray bars, respectively). However, when an shRNA containing a bulge in the antisense strand (shRNA-ASB) was used (black bars in [Figure 4](#gkt068-F4){ref-type="fig"}A), only allowing for cleavage of the (−)HCV genome, no significant knockdown of HCV was detected for any of the selected shRNAs targeting different regions of the HCV genome. This clearly demonstrated that the negative genome of replicating FL-J6/JFH-Luc HCV was not targetable by standard vector encoded shRNA. Figure 4.shRNA without bulges (NB-no bulge, white bars) and asymmetric shRNA with bulges in sense strand (SB-sense bulge, gray bars) or antisense strand (ASB-antisense bulge, black bars) were tested against replicating FL-J6/JFH-Luc HCV (**A**) and HCVcc infection (**B**) in Huh7.5 cells. SCR shRNA was used as the control and assigned a value of 100. In (A), the luciferase signal was normalized to GFP expressed from the AAV-shRNA vectors to standardize for the transduction efficiency. In (B), quantitative PCR was used to detect HCV levels, and values were normalized to GAPDH quantitative PCR levels as well as AAV-shRNA vector encoded eGFP. Error bars represent SD from *n* = 3--6.

In concordance, the same observations were made when the same shRNAs were tested in HCVcc-infected cells ([Figure 4](#gkt068-F4){ref-type="fig"}B). As in the case of replicating FL-J6/JFH-Luc, the use of shRNA without bulges (shRNA-NB) and thus capable of targeting both genomes of HCV (white bars) or with bulge in the sense-strand of shRNA (shRNA-SB), and thus capable of targeting only the positive genome (gray bars) led to significant knockdown of HCV infection. In contrast, all of the shRNAs containing a bulge in the antisense-strand (shRNA-ASB, black bars in [Figure 4](#gkt068-F4){ref-type="fig"}B) only capable of cleaving the (−)HCV genome were not effective at knocking down HCVcc infection. These results clearly support the conclusion that the negative genome of HCV is not targetable by standard shRNA therapy.

DISCUSSION
==========

The fact that HCV is an RNA virus with a single-stranded genome of positive polarity, together with the fact that all stages of HCV replication occur in the cytoplasm, makes HCV an ideal target for RNAi-based therapy. The high rate of HCV mutations ([@gkt068-B4]) leading to resistant quasispecies lowers the efficiency of RNAi therapy ([@gkt068-B33]). To lower the chances of accumulation of inactivating mutations, it would be beneficial to target the most conserved viral sequences and to use multiple si/shRNAs simultaneously. Wilson and Richardson ([@gkt068-B33]) demonstrated using an HCV replicon system that repeated treatments with the same siRNA can lead to accumulation of inhibiting mutations. Use of two distinct siRNAs significantly lowered the ability of the virus to accumulate mutations required to escape the treatment ([@gkt068-B33]). Based on these observations, multiple groups have now examined the possibility of co-expressing multiple shRNAs to improve the efficiency of anti-HCV RNAi ([@gkt068-B10],[@gkt068-B34],[@gkt068-B35]). Biological data are supported by mathematical modeling, which predicts that in the case of suboptimal siRNAs, simultaneous use of at least four siRNAs targeting different regions of the HCV genome would be required to efficiently knockdown HCV infection and avoid viral escape ([@gkt068-B36]). According to the same model, the more effective the individual siRNA used, the fewer siRNAs needs to be co-expressed to achieve total viral clearance.

Our study was designed to select effective shRNA candidates directed against conserved regions of HCV genotypes 1b and 2a. Most activity was observed against the 3′ region of 5′NTR, the 5′ region of the core gene and a 32 nt homology region in the NS5B gene. The results obtained were concordant between transient- and stable-replicating FL-J6/JFH-Luc and HCVcc infection. In contrast, we observed minor differences in the ability to target the 3′ NTR in transient- versus stable-replication or acute infection with HCVcc. This may reflect a better accessibility of the 3′ NTR to shRNA targeting early after introduction of the HCV RNA into cells. Overall, in contrast to data reported by Korf *et al.* ([@gkt068-B31]), and in agreement with data obtained from an siRNA screen by Smith *et al.* ([@gkt068-B20]), the 3′NTR invariant X-tail region ([@gkt068-B37]) proved not to be a good target for RNAi in the context of established FL-J6/JFH-Luc replication and HCVcc infection. Although shRNA 9621 used in our study targets the same region as the shRNA used by Korf *et al.*, the observed differences could be caused by the different length of the shRNA stem and/or 1 nt base difference between the replicons used in both studies.

Our results are furthermore supported by results obtained by Chandra *et al.* ([@gkt068-B35]) who tested 13 siRNA sequences targeting the 5′NTR IRES region of HCV. The authors identified three siRNAs (si279, si321 and si359), which effectively inhibited HCV replication. The si279 overlaps with shRNA274, 276 and 268 from our shRNA panel, whereas si321 overlaps with shRNA318, all of which demonstrated very strong anti-HCV effects in our study. Interestingly, si359 overlaps with our shRNA354, which showed no effect in our system; however, shRNA353, which overlaps with si359 perfectly with the exception of an additional A at the 3′end, demonstrated very strong anti-HCV effect in our study.

Overall, we were able to identify six shRNA molecules that retained their predicted specific functions on addition of the bulge in the sense or antisense strand. Using those verified asymmetric shRNAs, we were able to show in the context of the HCV replicon and HCVcc that the negative HCV genome is not accessible to the standard shRNA-based RNAi. Our data are supported by previous reports from other RNA viruses ([@gkt068-B38; @gkt068-B39; @gkt068-B40]), which demonstrated resistance of viral genomic RNA to RNAi, as well as is in agreement with observations made by Smith *et al.* ([@gkt068-B20]) in HCV system. Smith *et al.* ([@gkt068-B20]) performed extensive analysis of multiple siRNAs, which, based on their thermodynamic stability, were predicted to exhibit biased RISC loading and thus preferential positive or negative HCV genome targeting. Although the authors included additional alterations to the siRNA sequence (Z and Y modifications) in order to further shift the balance between positive and negative genome targeting, strand specific targeting was not detected in the psiCheck reporter system. In the context of replicon system, however, the authors did observe a decrease in the overall HCV knockdown when siRNAs predicted to preferentially target the negative genome were used. Although the observed effects were small, the authors concluded that the negative genome seems to be more resistant to RNAi than the positive genome ([@gkt068-B20]). It is important to mention that their experimental design could not accurately establish the degree of si/shRNA strand loading bias and, even if such bias existed, it was not an all-or-none effect. Thus, all studies reported by Smith *et al.* ([@gkt068-B20]) suffered from the co-existence of two active RISC complexes capable of targeting the positive and negative genomes, making the final interpretation of their results difficult. Our system overcomes this limitation, as only the strand without a bulge is complementary to the HCV target and can function in anti-HCV RNAi (as observed in the validation experiments).

To date, the reason for the lack of negative strand targeting is not clear. The structure and sub-cellular localization of the negative HCV genome is not fully known. On HCV infection, the host cell undergoes dramatic internal rearrangements driven by viral protein factors, which convert the cell into a virus-making factory. Multiple studies demonstrate that most of the non-structural HCV proteins (NS2, NS3, NS4A, NS4B, NS5A and NS5B), when expressed in the context of full-length HCV genome or as individual proteins, associate with endoplasmic reticulum and other cellular membranes ([@gkt068-B41; @gkt068-B42; @gkt068-B43; @gkt068-B44; @gkt068-B45]). Like most positive strand RNA viruses, HCV replicate its genome in close association with modified cellular membranes ([@gkt068-B46]). Egger *et al.* ([@gkt068-B47]) demonstrated that expression of NS4B alone or in context of the entire HCV polyprotein caused dramatic alterations of the endogenous membranes giving rise to the so-called membranous web, a structure with which all HCV proteins were associated. Recently, NS5A was implicated in generation of double membrane vesicles, the appearance of which correlated with the kinetics of viral replication ([@gkt068-B48]). It has been proposed that the membranous web is the site of viral RNA synthesis ([@gkt068-B47],[@gkt068-B48]) and that these vesicular membrane structures protects HCV's replication machinery and double-stranded HCV RNA from host cell proteases and nucleases (potentially including RNAi machinery) and from detection by the innate immune system ([@gkt068-B49]). In addition, the double-stranded nature of the negative genome ([@gkt068-B50],[@gkt068-B51]) and/or its high occupancy by replication machinery may also block access to the RISC machinery. Of note, similar observations were made for other RNA viruses, e.g. HIV-1, where despite viral RNA involvement at many steps during the viral replication cycle, only a small fraction of viral RNA is accessible to RNAi ([@gkt068-B52],[@gkt068-B53]).

In terms of screening for active anti-HCV RNAi molecules, the results obtained with the replicon system and HCVcc were not always concordant with the simplified reporter systems commonly used in HCV RNA studies ([@gkt068-B20],[@gkt068-B54; @gkt068-B55; @gkt068-B56]). We believe that observed differences between *bona fide* replicating HCV and psiCheck reporter system harbouring short specific target sequences may have been related to the virus having different (i) subcellular localization of the genomes; (ii) interactions with protein factors; or (iii) target RNA structure. Our results obtained with psiCheck reporters harbouring long HCV target sequences ([Supplementary Figure S6](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt068/-/DC1) and [S7](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt068/-/DC1)), which presumably would be able to acquire a structure more closely resembling those of the full-length HCV genome, failed to imply that the HCV RNA structure at least in the absence of HCV proteins as the main determinant of the efficiency of RNAi-mediated knockdown in the context of the more simplified reporter system. Furthermore, dG values calculated for all the short and long (5′NTR-CORE and NS5B-3′NTR) targets in both orientations failed to allow for the generation of simple predictive algorithms to identify a potential suppressive RNA template as an explanation of observed differences in targeting tested sense and antisense targets ([Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt068/-/DC1)). This further supports the conclusion that an appropriate and reliable RNAi screen should be performed in the context of replicating HCV.

When considering clinical implementation, the use of multiple RNAi species must be balanced against two additional concerns---the chance of generating more off-targeting species ([@gkt068-B32]) and limits to the total level of si/shRNA(s)---both of which can lower the relative effectiveness of RNAi and lead to toxicity ([@gkt068-B12],[@gkt068-B13],[@gkt068-B15]). Ultimately, the goal is to limit RISC loading to those si/shRNAs that are most effective at reducing viral replication. Our study establishing that the negative strand is not RNAi accessible further suggests that an anti-HCV RNAi therapeutic strategy should avoid the use of siRNA/shRNAs that result in the incorporation of RNAi into active RISC that targets the HCV anti-genome. This would potentially leave more flexibility for using additional positive strand targets, lessening the chance of generating escape quasispecies.
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